Study design: A retrospective imaging and clinical study. Objectives: To evaluate the relationship between magnetic resonance imaging (MRI) features and neurological prognosis in patients with traumatic cervical spinal cord injury (CSCI) without major bone injury. Methods: A total of 72 patients with CSCI without major bone injury were treated conservatively in our hospital. MRI was performed for all patients at admission and 1 month following injury. We measured the antero-posterior and cranio-caudal diameter of intramedullary intensity changed area with T1-weighted images at the injured segment. Neurological evaluations were performed using the American Spinal Injury Association (ASIA) motor score and the modified Frankel grade at the time of admission and discharge.
INTRODUCTION
The incidence of cervical spinal cord injuries (CSCIs) without major bone injury has been increasing. Patients with these injuries show no evidence of fracture or dislocation of the spine on plain radiographs or computed tomography scans. 1, 2 The incidence, pathogenesis and severity of CSCI without major bone injury are different for different age groups because of the anatomical and biomechanical differences in the spine. 3, 4 Magnetic resonance imaging (MRI) is the best clinical tool for evaluating traumatic CSCI and is therefore invaluable for examining patients with CSCI without major bone injury. MRI can show the degree of spinal canal stenosis, as well as reveal the intramedullary state of the spinal cord in detail. 5 To our knowledge, there have been only few reports on the MRI features of patients with CSCI without major bone injury. 6, 7 The most common acute MRI pattern described is no change of signal intensity on T1-weighted images with a blurred high-intensity area on T2-weighted images. In the subacute and chronic stages, a low-intensity area begins to appear on T1-weighted images. The characteristic finding in the chronic stage is usually an oval-shaped area of signal change. 8 On the basis of previous studies on the histopathological features of SCI, the blurred high-intensity area on T2-weighted images is thought to represent edema or petechial hemorrhage. On the other hand, the low-intensity area on T1-weighted images obtained in the subacute and chronic stages is thought to indicate necrosis, myelomalacia or an intramedullary cyst. 5, 9 Some papers have described the early relationship between MRI features and clinical outcomes in patients with CSCI at the acute stage following trauma. 8, 10, 11 However, to the best of our knowledge, there are few papers reporting about this relationship at subacute or chronic stages following trauma.
In the present study, we evaluated T1-and T2-weighted MRI findings of patients with CSCI in the subacute stages. The purpose was to investigate the relationship between the MRI features and neurological prognosis of patients with CSCI without major bone injury at subacute and chronic stages.
MATERIALS AND METHODS
Patients with acute CSCI without major bone injury who were admitted to our hospital within 10 days after trauma were included in this study. The patients' imaging (radiographs, CT, MRI) was reviewed when they were admitted to our hospital. Small avulsion fractures of the vertebral body, spinous process fractures or bone bruises in the vertebral body without noticeable vertebral collapse were considered to be minor bony injuries. Any patient who had undergone previous cervical surgery and those who were likely to have recoil flexion injury were excluded, because of the artifacts from surgery implants in MRI. Recoil flexion injury requires fixation. It was difficult to do a correct evaluation in surgery cases. We also excluded patients who had no cord signal changes on MRI to rule out patients with cervical concussion or hysteria or those with a cord compression rate 420%. The rate of spinal cord compression was measured on sagittal MRI. The spinal cord diameter was measured at both the non-compressed and injured levels on T1-weighted MRI images, and the percent change was calculated by the following equation:
(antero-posterior diameter of the cord at no compression level − anteroposterior diameter of the cord at compression level)/antero-posterior diameter of the cord at no compression level × 100% (Figure 1) . A value of 20% was defined as a cut-off for the spinal cord compression rate based on a previous report. 12 From January 2005 to May 2010, 72 consecutive patients were included in this study. The mean patient age at the time of trauma was 62.4 years (34-81 years), and there were 60 men and 12 women. Using the American Spinal Injury Association (ASIA) impairment scale, paralysis at the time of admission was graded as A in 4 patients, B in 16, C in 43 and D in 9. The mean period from traumatic injury to admission was 1.5 days (0-10 days), and the mean duration of hospital stay was 240.9 days (35-1423 days). All patients were treated conservatively and rehabilitated as quickly as possible with a simple neck brace.
MRI was performed in all patients at hospital admission (acute stage) and 1 month after trauma (subacute stage). Using sagittal MRI images, an intramedullary high-intensity changed area on T2-weighted MRI images was determined to be the injured level of the cervical spinal cord. We measured the antero-posterior diameter and cranio-caudal diameter of intramedullary intensity changed area on sagittal T1-weighted images ( Figure 2 ). It was difficult to detect the intensity changed area on axial T1-weighted image. The measurement was taken at the largest spinal cord slice. The T1-weighted low-intensity changed area ratio (T1-LCAR) was calculated by the following equation: antero-posterior diameter of low-intensity changed area/spinal cord antero-posterior diameter × 100% ( Figure 2 ).
All measurements were performed by two observers. Each measurement was performed three times, and the average value was calculated. All MR imaging examinations were performed with a 1.5-T magnet (MAGNETOM; Siemens Healthcare, Munich, Bayern, Germany). Standardized MR imaging protocols for the acutely injured spine were used: for sagittal T1-weighted imaging, a twodimensional spin-echo sequence was performed by using a conventional imaging option with no phase wrap, 525/11 (repetition time msec/echo time msec), a receiver bandwidth of 147 Hz/Px, a matrix of 320 × 224 (frequency encoding × phase encoding), three acquired signals and no phase correction. For sagittal T2-weighted imaging, a two-dimensional fast-recovery fast spin-echo (accelerated) sequence was performed by using imaging options that included the following: no phase wrap, an extended dynamic range, tailored radiofrequency and fast recovery; 3500/99; an echo train length of 15; a receiver bandwidth of 150 Hz/Px; a matrix of 384 _ 229; four acquired signals; and phase correction. Both the T1-and the T2-weighted examinations were performed in the antero-posterior frequency direction by using an Neck Matrix coil, a section thickness of 3.0 mm, an intersection gap of 0.3 mm, a 24-cm field of view and no contrast medium enhancement.
The ASIA impairment scale and the ASIA motor score (ranging from 0 to 100) were documented at admission and discharge for each patient. Neurologic recovery was evaluated as the following:
Improvement rate (%) = ((motor score at discharge − motor score at admission)/(100 − motor score at admission)) × 100. 13 All neurological evaluations were performed by senior spinal surgeons. In addition, we also documented each patient's score with the modified Frankel grading system (Table 1) . 14, 15 All data were analyzed using the JMP 8.0.2 software program (SAS Institute, Cary, NC, USA). The relationships between T1-LCAR and the ASIA motor scores and the recovery rate were analyzed using the Spearman rank-correlation coefficient. Po0.05 was considered statistically significant. The relationships between cranio-caudal diameter and the ASIA motor scores were also analyzed using the Spearman rank-correlation coefficient. The chance-corrected κ-coefficient was calculated to determine intra-observer agreement. Intra-observer reliability was almost good (κ = 0.92, Po0.001).
RESULTS
The neurologic statuses as evaluated by the ASIA and modified Frankel grading scales at admission and discharge are summarized in Tables 2  and 3 . None of the patients demonstrated neurological deterioration during follow-up, and 60 (81.9%) and 68 (94.4%) demonstrated neurological recovery as evaluated by ASIA and modified Frankel grading, respectively.
The mean ASIA motor scores at admission and discharge were 37.3 ± 29.2 and 78.3 ± 22.8, respectively. The mean improvement rate of the motor score was 68.9 ± 24.7%, which was significant. T1-weighted low-intensity changed areas were observed in 53 cases (73.6%) at 1 month after injury. A total of 16 patients with final ASIA D and 3 patients with final ASIA E did not demonstrate intramedullary low-intensity change on T1-weighted MRI at the time of discharge. The T1-LCAR of these 19 patients was set as 0%. The correlation between the T1-CAR and the ASIA motor score at discharge and the improvement rate were examined in all 72 patients, as shown in Figures 3 and 4 . There was a significant negative correlation between T1-LCAR and ASIA motor score at discharge (Po0.0001, Figure 3 ). There was also a significant negative correlation 
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Subacute T1-low area reflects prognosis in CSCI A Matsushita et al between T1-LCAR and the recovery rate (P = 0.0072, Figure 4 ). On the other hand, there was no correlation between cranio-caudal diameter of T1 low-changed area and the ASIA motor score at discharge (P = 0.2797). There was also no correlation between cranio-caudal diameter of T1 low-changed area and the recovery rate (P = 0.2184).
A total of 60 patients (83.3%) recovered to walk with or without a cane (higher or equal Frankel D). Receiver operator characteristic curve analysis demonstrated that the optimal T1-LCAR cut-off value for patients who were able to walk at discharge was 46% ( Figure 5) . If the T1-LCAR cut-off value was o50%, there was a significant positive correlation with being able to walk at discharge (Po0.0001, Pearson's χ 2 test, Table 4 ).
DISCUSSION
The reported incidence of CSCI without major bone injury ranges from~10 to 16% of all cervical cord injury in North America and India, 6, 16 but they are the largest proportion of cervical cord injury in Japan as described by Koyanagi et al. 16 The number of CSCI without major bone injury has been increasing as the population ages; data from our institution showed an annual rate of 38.2% in 1990 and 63.2% in 2005. 17 CSCIs without major bone injury have consistently Figure 3 The relationship between the ASIA motor score at discharge and the T1-LCAR. There was a significant negative relationship between the two parameters, indicating that a larger T1-LCAR was associated with more severe paralysis.
been treated conservatively and rehabilitated as early as possible at our institution. MRI is being increasingly used in the evaluation of post-traumatic myelopathy. It is useful in that it allows imaging of the injured cord, as well as an ability to predict patient outcome. The most common acute MRI pattern for CSCI is a blurred high-intensity area on T2-weighted images and no change in signal intensity on T1-weighted images. The subacute MRI pattern is iso-intensity or high-intensity on T2-weighted images, but a circumscribed low-intensity area is noted on T1-weighted images. This low-intensity area appears 3 to 6 weeks after injury. 8 On the basis of previous studies of the histopathological features of SCI, the blurred high-intensity area on T2-weighted MRI is thought to represent edema or petechial hemorrhage. On the other hand, the low-intensity area on T1-weighted MRI in the subacute and chronic stages is thought to indicate necrosis or myelomalacia. 5, 9 We thought that the T1-weighted low-intensity area on MRI at the subacute stage reflected the damage area of spinal cord. It was difficult to measure accurately the changed area of the spinal cord by edema in T2-weighted image. As there was no edema change in T1-weighted image, we could measure accurately the changed area of spinal cord.
Shimada and Tokioka 18 identified four distinct patterns of MR signal intensity changes that correlated well with spinal cord damage severity and clinical outcome. Ishida and Tominaga 19 assessed predictors of neurologic recovery in patients with acute central cervical SCI and found that an absence of MR signal intensity in the spinal cord and good early neurologic improvement were important predictors of long-term neurologic function improvement. However, no studies have reported on T1-weighted low-intensity changed area in CSCI patients. We hypothesized that the T1-weighted low-intensity area on MRI at the subacute stage of injury was predictive of neurological outcome. Indeed, we identified a significant negative correlation between the T1-LCAR and the ASIA motor score at discharge. There was also a significant negative correlation between the T1-LCAR and the recovery rate. These results suggest that there might be significant correlation between the T1-weighted low-intensity changed area on MRI and post-traumatic neurological outcome. If the T1-LCAR was o50%, the patients achieved a neurological status higher or equal ASIA D or modified Frankel D. These patients were able to walk with or without a cane at discharge.
In this study, we researched the relationship between the outcome and the MRI 1 month after injury. All patients who did not have low-intensity area 1 month after injury were able to walk at discharge. Two months after injury, the low-changed area might be getting larger. However, this is the relationship between the outcome and the MRI 1 month after injury. MRI 1 month after injury reflects the patient's ability to walk.
This study had several limitations; it was retrospective, and the number of patients was small. Further research with larger patient populations and prospective evaluation may help resolve the questions raised in this study. In this study, the relationship between the imaging immediately after injury and the outcome was not performed. We did not consider the relationship between the outcome and the transverse diameter, cross-sectional area and volume of signal alteration, which will be considered in future study. Moreover, the etiology of CSCI without major bone injury should be studied in more detail.
In conclusion, we identified a significant relationship between T1-weighted low-intensity areas on T1-weighted MRI 1 month following injury and neurological recovery prognosis at discharge. Low-intensity changed area on T1-weighted MRI may be an important predictive factor in the natural course of neurological recovery for CSCI.
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